This study was designed to assess differences in the intensity of exercise to attenuate postprandial lipemia (PPL). Thirteen healthy males (age 23.8 ± 0.9 yrs) participated in three random-ordered trials: in low (25% VO 2 peak -LOW) and moderate (65% VO 2 peak -MOD) intensity exercise trials , which were completed one hour before a high fat meal (1.3 g fat/kg body mass), and a control (CON), fat meal only, trial.
INTRODUCTION
Coronary heart disease (CHD) remains a leading cause of mortality in the Western societies. Although plasma low-density lipoprotein cholesterol (LDL-C) has traditionally been linked to an increased risk for CHD (26) , plasma triglycerides (TG) appear to also play a role in the progression of CHD, especially as evidenced during the postprandial period (18, 29) . The concept that the process of atherosclerosis is a postprandial phenomenon appeared more than twenty years ago (42). Evidence has been provided which suggests that plasma TG are an important determinant of plasma cholesterol metabolism, and that the negative relationship between high density lipoprotein cholesterol (HDL-C) and CHD is a result of a positive association between CHD and plasma postprandial TG levels (29). Because people spend a major part of their daily life in a postprandial state, use of interventions that could attenuate the magnitude of postprandial TG levels would be important in retarding the process of atherosclerosis.
Studies have shown that prolonged aerobic exercise (24, (37) (38) (39) 41 ) decreases the magnitude of postprandial lipemia (PPL) induced by the consumption of a high fat meal.
The energy expended during an exercise session appears to be a major determinant of the decrease in PPL (30) . However, factors related to the intensity of the aerobic exercise have not been completely investigated. Exercise of moderate intensity for 90 minutes, completed some hours before a high fat meal, reduced PPL to a greater extent compared to exercise of same duration but of low intensity (37). However, under the same conditions, there was no difference in PPL between exercise sessions of low and moderate intensity when the two exercise sessions were matched for energy expenditure 4 (38). In the latter study (38), the exercise was undertaken several hours before the induction of PPL. However, the timing of exercise relative to the high fat meal appears to be important in regulating PPL (41), and factors implicated in the attenuation of PPL, such as lipoprotein lipase activity (LPLA), appear to be time dependent (20) . Also, because the intensity of exercise has an effect on the duration that metabolic changes are sustained, it is possible that, with respect to PPL, the intensity effects of exercise performed several hours before a high fat meal could be different from those of exercise completed one hour before the meal.
A single bout of exercise has been shown to affect HDL -C metabolism (14) , and it has been suggested that the concentration of HDL-C depends on the metabolism of TGrich particles (28, 35) . Zhang et al. (41) were not able to document any changes in HDL-C during the postprandial lipemic phase when PPL was induced immediately at the end of the exercise, but there was a delayed (~ 24 hours) increase in the HDL 2 -C subfraction.
The mechanisms of the attenuated postprandial plasma TG response following a single bout of exercise are not well understood. It has been shown that exercise attenuates PPL regardless of the relative contributions of fat and carbohydrate to the total energy expended during exercise (25) . Further, the attenuated PPL response does not seem to be a result of the energy deficit, per se, induced by the exercise (12) . In explaining the attenuated postprandial lipemic response following exercise, the emphasis has been placed on LPLA (16) , which is the enzyme responsible for the intravascular hydrolysis of plasma TG. It is known that exercise increases LPLA in skeletal muscle (34) thus providing a means for enhanced removal of plasma TG. LPLA measured in postheparin plasma is elevated following prolonged exercise (9, 17) , presumably due to 5 an increase in the muscle isoform of LPL. However, a relationship between an increase in plasma postheparin LPLA and a decrease in PPL following exercise has not been documented. Furthermore, no studies have investigated the effects of the exercise intensity on postprandial plasma postheparin LPLA or hepatic TG lipase activity (HTGLA), with the later being involved in the metabolism of HDL-C in the liver.
Insulin appears to play a role in the regulation of PPL. Specifically, insulin controls the secretion of very low density lipoprotein (VLDL) particles (2, 23) , which are an important contributor to the total plasma TG during the postprandial lipemic phase.
Also, insulin stimulates adipose tissue LPL during the postprandial period (31), whereas it decreases the activity of muscle LPL (19) .
Since exercise of moderate intensity results in greater intramuscular TG utilization than that of low intensity (33), it can be hypothesized that exercise of moderate intensity also results in greater stimulation of muscle LPLA compared to that of low intensity. This would be because LPL liberates chylomicron-and VLDL -fatty acids that can be used to replenish muscle TG used during exercise. On the other hand, exercise that results in only minimal oxidation of muscle TG, such as that performed at 25% VO 2 max (33), is expected to increase muscle LPLA and attenuate PPL to lesser degree than exercise performed at moderate intensity. Direct evidence based on published reports (41), as well as research from our laboratory (unpublished observations), suggest s that a single bout of exercise performed at moderate intensity immediately before a fat meal attenuates PPL.
The purpose of the present study was to determine whether the attenuated lipemic response to a fat meal ingested one hour after the end of exercise is affected by the 6 intensity that the exercise is performed. We hypothesized that exercise of moderate intensity attenuates PPL more than exercise of low intensity. Furthermore, a second objective was to determine the effects of exercise intensity on postheparin plasma LPLA, HTGLA, as well as on the metabolism of HDL-C as observed during postprandial lipemic conditions. Insulin response during the postprandial phase was also determined in an effort to investigate physiological mechanisms associated with the PPL response.
METHODS

Subjects
Subjects were recruited through advertisement in the local newspaper and flyers posted in the college community. Thirteen healthy males participated in this study after giving written informed consent. The study was approved by the Florida State University Human Subjects Committee. Subjects were 23.8 ± 0.9 (mean ± SE) years of age, weighed 77.9 ± 3.0 kg, and were 179.1 ± 2.0 cm tall. Peak oxygen consumption (VO 2 peak) was measured at 49.5 ± 2.0 ml·kg -1 ·min -1 , and the percent body fat was 11.9 ± 1.7 %. All subjects were physically active, non-smokers, and were not taking any medication, or nutritional supplements known to affect lipid and carbohydrate metabolism. This information was obtained using questionnaires that were completed during the subject's first visit to the laboratory. Before participating in the study subjects were instructed and completed a three-day (two weekdays and one weekend day) food diary, which was analyzed using diet analysis computer software (Nutritionist Five TM , First DataBank, Inc., San Bruno, CA). One subject was excluded from the study due to extreme dietary patterns (defined as dietary fat intake either < 15% or > 45%). Subject dietary information is presented in Table 1 .
Preliminary Tests
Subjects took part in two preliminary walking -exercise tests performed on a treadmill. First, a 20-minute submaximal treadmill test was performed for the purpose of establishing a work -VO 2 relationship. Second, a treadmill walking protocol was used to determine subject's maximal VO 2 uptake, while subject walked at a pre-selected speed.
Because in almost all of the subjects an approximation of maximal VO 2 uptake was known, a speed was selected with the purpose of reaching exhaustion in 10-12 minutes (5) . During this test, the grade was increased by 2.5% every minute, for the first six minutes, and by 1.5% thereafter, until exhaustion. Since a plateau for VO 2 was not documented, the maximal VO 2 uptake measured was considered as VO 2 peak. The test for VO 2 peak was considered valid when the following criteria were satisfied: heart rate ± 
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All subjects participated in three random-ordered trials, two of which included exercise whereas the third one served as a control/no exercise trial (CON). During the exercise trials, subjects walked on the treadmill at an intensity corresponding to 25% VO 2 peak (LOW) and 65% VO 2 peak (MOD). The three trials were performed in a random order, with at least one week separating each trial. The protocol followed during each of the trials is shown in Figure 1 . Subjects reported to the laboratory five hours before a high fat meal was consumed (fat meal ingested at approximately 12 pm), and remained for eight hours after that. The time required to expend 1100 kcal was estimated prior to each exercise trial and varied according to exercise intensity. This estimation was used to determine when to initiate the exercise session following the baseline blood draw, so that the exercise was completed one hour before the fat meal ingestion. In the CON trial, subjects rested in the laboratory for five hours before the fat meal. A light snack (plain bagels, cream cheese, and orange juice) was provided following the baseline blood draw.
The amount and the time-course of the snack consumption were replicated across the three trials. Besides the test meal and the snack, subjects were allowed to drink only water during the 13 hour-period spent in the laboratory.
Subjects were asked to abstain from any type of aerobic exercise, weight lifting, and alcohol for three days prior to their participation in this study, and throughout each trial. Subjects were requested to record their diet for the day prior to their first trial, and replicate that diet during the day prior to their subsequent trials. Also, following the 8h blood sample, and until subject's return to the laboratory the next day, for the 20h blood sample, subjects were instructed to record the type and amount of any food or drink consumed, as well as the time it was consumed, with the purpose of replicating the 9 recorded diet during the following trials. Compliance with the instructions was verbally verified each time the subject arrived to the laboratory.
The exercise sessions were performed in the morning of day 1 ( Figure 1 ). Fine adjustments on the treadmill grade were made during the first 20 minutes of the exercise sessions, and when necessary thereafter, so that the VO 2 remained always close to the desired one (± 5%). During each exercise session heart rate, expired gases, and the calculated energy expenditure were continuously monitored for the first 20 minutes of exercise using the metabolic measurement system indicated earlier.
Following that, physiological exercise responses were monitored for five minutes, in 15-minute intervals for the first 1.5 hours, and in 30-minute intervals thereafter, until the end of exercise.
During exercise subjects were allowed to consume water ad libitum. The 8h and 20h blood samples were collected using an infusion set, which allowed for the infusion of heparin. Specifically, the following procedure was employed for the 8h and 20h blood samples: after initial blood samples were obtained, 75 IU of sodium heparin (1,000 USP IU/mL, Elkins-Sinn Inc., Cherry Hill, NJ) per kg of body weight was infused over one-minute period. Ten minutes after the intravenous heparin infusion (36), blood was drawn into a 10 ml sodium heparin tube for the determination of plasma LPLA and HTGLA. Blood samples for the determination of baseline LPLA and HTGLA were taken on a separate day from the three trials, and under the same controlled conditions of the baseline blood sample during the trials. This approach deemed necessary to avoid any increase in the rate of intravascular hydrolysis of TG during the PPL period due to the heparin infusion for the collection of baseline blood samples in each trial. This single sample was used as a baseline for LPLA and HTGLA for all three trials.
Test Meal
The test meal consisted of whipping cream and ice cream, and was given in a milkshake form. The amount of ice cream and whipping cream were weighted, so that the amount of fat provided by the meal was according to the subject's body weight (1.3 g of fat per kg body mass (24, 38) ). The test meal remained the same for the subject's three trials. Fat (mainly long chain fatty acids), carbohydrate, and protein contributed 84%
(saturated fat 53%), 15%, and 4% of the total calories, respectively. Subjects were asked to consume the test meal within 15 minutes. Subjects were encouraged throughout their presence in the laboratory to report any symptoms that may relate to the test meal ingestion, such as diarrhea or gastrointestinal discomfort. With the exception of two subjects who reported some gastrointestinal discomfort, the test meal was tolerated well by the subjects.
Blood Chemistry Analyses
Blood collected in a 3 ml sodium heparin tube was analyzed immediately for hemoglobin, hematorcrit, and blood glucose. Hemoglobin was determined in duplicate (OMNI 3 Modular Analyzer, AVL Scientific Corporation, Roswell, GA), and hematocrit in triplicate (using the microcapillary method), and they were both used for estimation of plasma volume changes (7). Blood glucose concentration was determined in duplicate using a blood glucose analyzer (Model 2300 STAT, Yellow Springs Instrument Co., Yellow Springs, OH).
The remaining blood samples were immediately centrifuged (2,100 g) for 15
minutes at (36). Plasma LPLA was determined as the difference between total plasma lipase activity and HTGLA. Samples from the same subject were assayed in one run. Intra-assay coefficients of variation were 2.7% for TG, 1.8% for HDL-C, 2.1% for HDL 3 -C, 5.8%
for insulin, 5.4% for total plasma lipase activity, and 6.6% for HTGLA.
Calculations and Statistical Analyses
PPL was quantified by calculating the area under the plasma TG curve (TGAUC) over the 8-hour postprandial period adjusted to the baseline TG value, according to the formula (27) :
In the formula, n B represents the plasma TG value at baseline, and n 2 to n 8 represent plasma TG values from 2 to 8 hours following the meal ingestion. The same procedure was also used to quantify postprandial insulinemia (uIU·ml
Mean values for metabolic variables of interest were compared using either 3 
RESULTS
Exercise Sessions
Subjects exercised for a mean duration of 237.5 ± 9.0 min during the LOW trial, and 90.8 ± 3.7 min during the MOD trial. Mean VO 2 uptake during the exercise sessions Table 2 .
Blood Chemistry
ANOVA results revealed a statistically significant trial x time interaction (P < .05) for plasma volume changes and, therefore, all plasma/blood chemistry values reported in this investigation have been adjusted to reflect these changes.
TG was the variable of main interest in this investigation. Figure 2A Figure 2B . In the MOD trial TGAUC was significantly lower by 39% compared to the CON trial (P < .01), and by 34% compared to the LOW trial (P < .05). Compared to the control trial the TGAUC for the LOW trial was lower by only 8% (P > .05). Mean plasma values for HDL-C, HDL 3 -C, and HDL 2 -C are shown in Table   3 . There was a statistically significant trial x time interaction only for the HDL 3 -C subfraction (Table 3 ; P < .05).
Plasma insulin response during the course of the three trials is shown in Figure   3A . Postprandial insulinemia was quantified the same way as the PPL, using the area under the plasma insulin curve over the 8-hour postprandial period adjusted to the baseline value (INAUC). Compared to the CON trial, only the mean INAUC for the MOD trial (moderate exercise intensity) was significantly lower (by 41%; P < .05). Mean INAUC for the MOD trial was also 35% lower compared to that of the LOW trial, but this difference was not statistically significant ( Figure 3B ). Mean glucose data collected during the trials are shown in Figure 4 . Statistical analysis showed a significant trial x time interaction. Post hoc procedure indicated that the glucose concentration at 2h was higher in the LOW trial when compared to that in the CON trial (P < .05).
Data for postheparin LPLA and HTGLA are presented in Table 4 . With respect to the LPLA, statistical analysis indicated a significant interaction between the trial and time factors. Post-hoc procedure indicated that at 8h mean LPLA in the LOW trial was higher than that in the CON trial, as well as that in the MOD trial (for both P < .05). Within trials, there were no significant changes for LPLA over time in the CON trial. Within the LOW trial, LPLA at 8h was higher than that at baseline (P < .05), but it was not different from baseline at 20h, while within the MOD trial LPLA at 20h was higher than that at baseline (P < .05), but it was not different from baseline at 8h. Regarding the HTGLA response, no statistically significant differences were observed. Specifically, at baseline, individuals with higher HTGLA had lower HDL 2 -C (r = -0.80; P < .01). Also, in the exercise trials and at 8h there was an inverse relationship between HTGLA and HDL 2 -C (LOW trial, r = -0.82; P < .001; and MOD trial, r = -0.73; P < .01).
Correlational Analyses
DISCUSSION
The main finding of this investigation was that the intensity of an exercise session, which was completed one hour before the consumption of a high fat meal, plays Since it is known that the initial TG concentration is a determining factor of the magnitude of PPL (4), and because exercise has previously been shown to affect plasma TG under conditions similar to those of this study (41), the fasting TG concentration is more appropriate to be used as baseline for normalizing the TGAUC. In the present investigation, mean postprandial lipemic response was the highest during the CON trial, while it was the lowest during the MOD trial. In the MOD trial, PPL was lower compared not only to the CON trial (39% lower), but also to the LOW trial (34% lower). Previous research has concluded that the decrease in PPL is independent of exercise intensity when the total energy expended remains constant (38). Although there is an apparent discrepancy with respect to the low intensity exercise between the findings of the present investigation and those reported by Tsetsonis and Hardman (38), in the latter study, PPL was induced the day after the exercise while in the present study it was induced immediately after exercise. The different findings are likely a result of differences in the timing of the meal relative to the exercise, since Zhang et al. (41) have showed that the timing of exercise relative to a high fat meal is a determining factor in the magnitude of PPL. However, other factors such as gender differences in subject populations cannot be excluded, since we studied only males whereas Tsetsonis and Hardman studied a group of both males and females.
Energy deficit induced by exercise has previously been shown to significantly reduce PPL, while energy deficit of the same magnitude but due to caloric restriction has not (12) . This suggests that the exercise-induced energy deficit is important in regulating PPL. This may emphasize the important role of the local contractile activity in regulating muscle LPL (15) , which, in turn, has been suggested to have central role in the regulation of PPL (16) . If the energy expended during exercise was the most important factor in regulating PPL one would expect similar effects from exercise sessions of diff erent intensities but matched for energy expenditure. However, this was not the case in the present study. When the exercise was undertaken before the high fat meal, the exercise intensity-determined rate of energy expenditure was also important in regulating PPL.
Therefore, under these conditions, there should be other physiologic and metabolic factors affected by the higher exercise intensity which influence PPL. Factors such as the TG entry into the circulation and their removal at the muscle level are discussed later in the paragraphs that follow.
As expected, the relative contribution of fat to the total energy expended during exercise was higher in the LOW trial compared to the MOD trial (Table 2 ). However, despite the greater total fat oxidation during exercise in the LOW trial, PPL was lower in the MOD and not in the LOW trial, indicating that the total amount of fat oxidized is not an important contributor to the lower lipemic response. Malkova et al. (25) have provided direct evidence that the attenuated lipemic response of prior exercise is, indeed, independent of the relative contributions of fat and carbohydrate to the energy requirements of exercise.
Although the contribution of fat oxidation to the total exercise energy expenditure was higher during the low intensity exercise, the rate of fat oxidation was higher during the moderate intensity exercise. Because our data are limited to rates of total body oxidation it is not possible to differentiate with respect to rates of fat oxidation between tissues, such as adipose, plasma, or muscle. The lipemic responses observed in the present study might have been mediated in part by insulin. It is known that, although exercise is a positive stimulus for muscle LPLA (34), insulin decreases muscle LPLA (19) . Based on this evidence, it is reasonable to hypothesize that in the MOD trial the effects of exercise on muscle substrate utilization, which were discussed in the previous paragraph, together with the attenuated postprandial insulinemic response, might have mediated an increase in the muscle LPLA. The postheparin plasma LPLA at 8h, however, was elevated in the LOW but not in the MOD trial and this was observed despite high postprandial insulin in the LOW trial. Since LPLA was measured in postheparin plasma we cannot determine the relative contribution of muscle LPLA to the measured postheparin LPLA. It is possible that the higher LPLA measured at 8h in the postheparin plasma in the LOW trial may reflect mainly an increase in adipose tissue LPL, since it is known that insulin stimulates adipose tissue LPL during the postprandial period (31). Malkova et al. (24) showed that the attenuation in PPL several hours after exercise could not be explained by the leg uptake of plasma TG.
Because muscle LPLA appears to be higher several hours as compared to immediately after exercise (20) , the findings by Malkova et al. (24) raise the possibility that in the present study an increased uptake of plasma TG by the muscles, due to increased muscle LPLA, might not have been the major factor determining the decrease in PPL in the MOD trial.
A possible determining factor of the postprandial lipemic response is the rate at which either chylomicrons or VLDL enter the circulation. Decreased rate of TG entry in the circulation will result in diminished lipemia. Although it is possible that the rate of chylomicron-TG entry into the circulation might have been affected by the moderate intensity exercise to a greater extent than the low intensity exercise, there is no evidence to suggest any effects of exercise intensity on the production, secretion, or entrance of the chylomicrons into the systemic circulation. On the other hand, hepatic VLDL-TG secretion may be affected by a single bout of exercise, but conclusive evidence for that, 20 and under conditions similar to those of the present study, is lacking. In the postabsorptive state, total VLDL concentration has been found to be falling during the 4.5 hour period that followed moderate intensity exercise (3). Also, Gill et al. (11) The mechanisms associated with the lower insulin response after the moderate exercise can only be speculated. Based on available evidence, muscle glycogen contributes substantially to the total energy production during exercise at 65% VO 2 max, while its contribution during exercise at 25% VO 2 max is minimal (33). Decreased muscle glycogen content is a stimulus for an increase in GLUT-4 glucose transporters in the muscle cell surface (6), which increases glucose transport to the cell and, therefore, decreases the requirements for insulin-mediated glucose disposal to the muscle. However, alternative mechanisms for the insulin response associated with the three trials cannot be excluded. It is very likely, for example, that the decrease in fat accumulation in the blood with moderate intensity exercise contributed to an improved insulin sensitivity (32) and, therefore, decreased need for insulin secretion compared to the low intensity exercise.
In conclusion, our results indicate that when the exercise is completed one hour Estimation of the contribution of carbohydrate and fat oxidation to the total energy expenditure was done according to Lusk (1928) , and assuming no protein oxidation.
Significant differences between the low and moderate intensity exercise sessions (*P < .01; † P < .05). 
